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The lateral solute segregation that results from a curved solid-liquid
interfac,."shape during steady state unidirectional solidificctlon of a binary
alloy system has been studied both analytically and numeri,.ally by
Coriell, Boisvert, Rehm, Sekerka (1). The system under their study is a two
dimensional rectangular system. However, most real growth systems are
cylindri-al systems. Thus, in a previous study(2) we have followed Coriell
etc. f_malism and obtained analytical results for lateral _.oiute segregation
for an ezimuthal symmetric cylindrical binary melt system during steady
state solidification process. The solid-liquid interface shape is expressed as
a series combination of Bessel functions. In this study a computer
progI_: has been developed to simulate this lateral sol:it segregation.
FORMALISM
In this section we present the basic equation and boundary condition
used in this calculation. The diffusion equation for an azimuthal system is
D32c'(r', z') _1 _c'(r',z') _2c'(r',z') :v_C'(r',z')=O
•c3r,2 r' _r' _Z '2 o_Z
---(1)
Where D is diffusivity of solute in the liquid, V is the velocity of
solidification,c',r', z',w' are dimensional solute concentration, radial and
axial coordinates, and interface thickness. The boundary conditions are





Where k is distribution coefficient. The variables can be
nondimensionalized by letting c=c'/c0, r=r'/R, z=z'/R, w=w'/R and I]=VR/D
where R is radius of the ampule. The diffusion equation and the boundary
conditions become
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02c(r, z) _,,10c(r,z) 02c(r,z) t_Oc(r,Z)=o
_r 2 r Or _z 2 Oz ........................... (5)
_Ci(k_ 1) _C(r,z) _C(r,z)_w(r)
= bzI - _rl _r .................................... 6)
bC(r,z).=0
c(r z=oo)=l ............... (7) _r
at r= 1
........... (8)
In the limits of very small _, by using variable separation method,
equation (5) can be solved to give
c (r,z) =A J 0 (ar)e2 b-[1+[1 +(2 a/b)2]'t2z+ A '_ ............................. ( 9 )





Dr , We have
=-aJl(ar)=O
.............................................. (10)
let Un be the zeros of Jl(IX), where n=l to infinite.
9. 2 1/2
[1 ]By using p(n) to denote . The general solution is
C(r,z)=l_._(z_wo)+_ AnJo(unr)e 2-_ l+p(n)] z
=1 ....................... (11)
There is another boundary condition which needs to be satisfied, i.e.
_Ci(k_l).._z) 0C(r,z)0w(r)0ri Dr' ................................... (12)
The solid-liquid interface shape is assumed to be parabolic







Assume both w(r) and dr to be small, We obtain the solute
concentration at the interface to be
ci(r,z)=l (_kk) n_ 8(n)Jo(unr)





This shows that the solute concentration in the solid at the
interface is a function of w(r), 13 and k.
NUMERICAL CALCULATIONS AND RESULTS
The results obtained from these calculations show that
(1) The solute concentration at the interface at r= 0.7 which were
calculated by using the general expression eq (ll).with n from 1 to i is
denoted by C3j. The same value calculated by using the approximate
expression eq(15).with n from 1 to i is denoted by C4jThe results in
figure 1 show that if we have include more than 40 terms in the
calculations, the two expressions give almost exact results.
(2) .The solute concentration in the solid at the interface obtained
analytically show that the compositional segregation in the solid is
proportional to the deviation of the interface from planarity. The
proportional factor being the product of [_ and (I-k). The solute
concentration at the interface Csi(X) calculated by using the general
expression and by using the approximate expression for a small 13 limit
agree very well.The results for 13 =0.173, k=4 and a = 0.05, 0.1, 0.2,
0.375 and 0.4 are calculated and the result for 6 =0.375 is shown in
figure 2.The results of Clj were calculated by using the general
expression eq (11) with n from 1 to 89, while the results of C2j were
calculated by using the approximate
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k 13 8 c,_<o) c,_<l>
4-3.14
0.1 0.01 0.05 0.9972 1.003
0.1 0.01 0.1 0.9944 1.006
0.1 0.01 0.2 0.9887 1.011
0.1 0.01 0.3 0.9831 1.017
0.1 0.01 0.4 0.9775 1.022
0.1 0.01 0.5 0.9719 1.028
0.1 0.01 0.6 0.9662 1.034
0.1 0.01 0.7 0.9606 1.039
0.I 0.01 0.8 0.95498 1.045
0.I 0.01 0.9 0.9494 1.05 '
tO I /_ tO I I tO tO Q4_7 | tO_;_.
k
s C_(o) c,_(,)4.3.14
0.1 O.1 0.05 0.973 1.027
0.1 0.1 0.1 0.9459 1.055
0.1 0.1 0.2 0.8918 1.109















k --_ _ Cst(O ) Csi(l)
4.3.14
2 0.0! 0.05 1.0029 0.997
2 0.01 0.1 1.0058 '.,_94
2 0.01 0.2 1.0117 0.988
2 0.01 0.3 1.0175 0.982
2 0.01 0.4 1.0233 0.976
2 0.01 0.5 1.0292 .:.97
12 0.01 0.6 1.0350 0.764
2 0.01 0.7 1.0408 0.958
2 0.01 0.8 1.0467 0.952
2 0.01 0.9 1.05:." q.946
2 0.01 1.0 1.0583 9.94
k [_ S Csi(o ) Csl(l )
4.3.14
10 0.01 0.05 1.0204 0.977
10 0.01 0.1 1.0408 0.954
10 0.01 0.2 1.0815 0.908
10 0.01 0.3 1.1223 0.862
10 0.01 0.4 1.163 0.817
10 0.01 0.5 1.2038 0.771
10 0.01 0.6 1.2445 0.725
10 0.01 0.7 1.2853 0.679
10 0.01 0.8 1.3260 0.633
10 0.01 0.9 1.3668 0.587
10 0.01 1.0 1.4076 0.542
R
k---=_ _ c c,_(_)
4-3.14
2 0.1 0.05 1.0t. 0.979
2 0.1 0.1 1.0326 0.958
2 0.1 0.2 1.0652 0.916
2 0.1 0.3 "8 0.873
2 0.1 0.4 1.1_,,_5 0.831
2 0.1 0.5 1.163 0.789
2 0.I 0.6 1.1957 0.747
2 0.I 0.7 1.2283 0.705
2 0.I 0.8 1.2609 0.663
2 0.I 0.9 1.2935 0.62
2 0.I 1.0 1.3261 0.578
{_ _ Csi(o ) C_(l)
k 4.3.14
10 O.l 0.05 1.0481 0.905
10 0.1 O. 1 1.09627 0.809
10 0.I 0.2 1.1925 0.619
I0 0.1 0.3 1.2888 0.428
10 0.I 0.4 1.385 0.237











Table 1. Solute segregation for solid-liquid interface shape w(r)= &2 for
various values of k, _, and
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